Introduction
Our ability to pattern nanostructures offers a unique path to discovery and innovation in science and technology. When nanostructures are smaller than a fundamental physical length scale, conventional theory may no longer apply, and new phenomena emerge.
To fully benefit from the discovery and innovation in nanostructures and commercialize them, low-cost and high-throughput manufacturing is essential. The biggest challenge is that we do not have a mature nanostructure manufacturing technology to realize the needed low cost and high throughput.
Nanoimprint lithography and lithographically induced self-assembly are promising low-cost, high-throughput technologies for manufacturing nanostructures. This article will discuss some of the significant developments that have been made in recent years in this area.
Nanoimprint Lithography

Principle and Process
Nanoimprint lithography (NIL) involves two steps: imprinting and pattern-transfer ( Figure 1 ). In the imprinting step, a mold with nanostructures on its surface is used to deform a thin resist film or an active material deposited on a substrate. In the pattern-transfer step, an anisotropic etching process such as reactive ion etching (RIE) is used to remove the residual resist in the compressed area, transferring the thickness-contrast pattern created by the imprint into the entire resist.
The resist can be a thermal plastic, 1 a UV-curable or thermal-curable polymer, 2, 3 or some other deformable material. For a thermal-plastic resist, the resist is heated above its glass-transition temperature (T g ) during imprinting, then cooled below T g before it is separated from the mold. For a UV-or thermal-curable polymer resist, after the mold is pressed into the resist, the polymer is cured by UV radiation or thermal heating to harden it (by cross-linking) before separation from the mold.
NIL is primarily a physical-deformation process and is fundamentally different from other lithographic methods such as "stamping" with self-assembling "ink." 4 Its simple yet unique principle allows NIL to avoid many problems inherent in other lithographic methods and to achieve high resolution and high throughput at a low cost.
Resolution
The resolution of NIL is determined by the mechanical strength of the mold and polymer. Using a silicon dioxide mold and poly(methyl methacrylate) (PMMA) resists (with a T g of 100ЊC), holes 6 nm in diameter and 60 nm deep in PMMA and PMMA pillars 30 nm in diameter and 35 nm tall have been achieved using NIL 5 (Figures 2-4) . Many experiments have indicated that with a suitable resist and mold, the resolution of NIL can be below 5 nm. In general, small holes are much easier to imprint than small resist pillars, because the pillars can easily tear off during mold separation and are extremely difficult to image-scanning electron microscopy can easily melt a small polymer pillar.
Three-Dimensional Patterning
Another feature of NIL is that it is a three-dimensional (3D) patterning technology, in contrast to the 2D patterning of other lithographies. Three-dimensional features are very desirable in some applications, such as microwave transistors and microelectromechanical systems (MEMS). For example, the T gate for microwave transistors has a narrow footprint for high
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Imprinting on Non-Flat Surfaces
Often, a wafer surface is not flat and already has features on it. To imprint resist patterns on a non-flat surface, multilayer resist methods have been developed and demonstrated. 7 Regardless of whether double-layer or triple-layer resists are used, the first (i.e., bottom) layer is the planarization layer, which is thicker than the height of the steps on a wafer surface. The planarization layer can result in a flat wafer surface by means of (1) free viscous flow of the resist at an elevated baking temperature or (2) forced flow of the resist by pressing a flat mold on the resist surface while heating. The free viscous flow approach works well for PMMA, when heated up to 175ЊC for 24 h, but not for novolak resin because it is a thermal-set plastic and has a high viscosity. The forced flow approach works well for both PMMA and novolak resin, when heated at 175ЊC for 20 min with 600 psi pressure on the flat mold. Steps over 200 nm deep have been planarized in this way.
The top layer in multilayer resist methods is the imaging layer, which is patterned by imprinting. A key difference between the triple-layer and the double-layer methods is that the triple-layer method uses a pattern-transfer layer in the middle, while in the double-layer method, the pattern in the imaging (top) layer will be transferred directly to the planarization (bottom) layer. The transfer (middle) layer in the triple-layer resist scheme is needed if the top layer of resist can dissolve the bottom layer or has an etching resistance that is too low to be used as an etch mask for the bottom layer. In other words, the middle layer serves as either a barrier to prevent resists from mixing or a mask for pattern-transfer.
Uniformity and Submicrometer Alignment on 4-in.Wafers
To use NIL as a tool for manufacturing electronic or photonic integrated circuits, the nanostructures must be uniform over the entire wafer, and accurate alignment between the different lithography layers is required. NIL machine, mask, and resist technologies all play significant roles in improving uniformity and alignment accuracy. Many proprietary technologies have been developed in these areas. Figure 6 shows uniform, 90-nm-wide resist gratings imprinted over an entire 4-in. wafer. 8 Submicrometer alignment accuracy over 4-in. wafers has been demonstrated in 10 consecutive runs. 8 Many new NIL resists have been developed that allow lower imprinting temperatures and pressures and that have better flow, smaller shrinkage, and better etching-resistance properties. The NIL machine, mask, and resist technologies developed can be readily scaled to larger wafer sizes. Better alignment methods, as well as local misalignment correction methods, are being actively developed. 9 
Types of NIL Imprinting Machines
NIL can be carried out using three different types of imprinting machines: single-imprint, step-and-repeat, and roller. The single-imprint machine imprints an entire wafer at one time. The step-andrepeat NIL machine imprints a small area (called a die) of a wafer at a time and then moves to a new area of the wafer. The process is repeated until the entire wafer is imprinted. One advantage of the stepand-repeat NIL machine is that it is easier to achieve a higher alignment accuracy in a smaller area than in a larger area (i.e., with a single-imprint machine). A second advantage, and perhaps the most significant advantage for many applications, is that it allows the use of a very small mold to create a large imprint area or a large imprint mold. It might take several days of current electron-beam lithography to ex- Nanoimprint Lithography and Lithographically Induced Self-Assembly pose 10-nm features over the entire area of a 1 cm ϫ 1 cm mold. Using step-andrepeat NIL, the 1 cm ϫ 1 cm mold can be used to pattern a much larger mold (e.g., an 8-in.-diameter mold) in just a few minutes-6 orders of magnitude faster and perhaps even higher orders of magnitude cheaper than with electron-beam lithography. Figure 7 shows 120-nm lines fabricated by step-and-repeat NIL on a PMMA resist.
Step-and-repeat NIL on UV-curable resists has also been demonstrated. 3 Roller-nanoimprinting (RON) machines have the advantage of better uniformity, less imprint force, simple construction, and the ability to use a mask continuously on a large substrate. 10 There are two ways to use RON (Figure 8 ). One uses a cylindrical mold, which can be made by bending a thin metal mold around a smooth roller. The other uses a smooth roller over a flat mold. To keep the shape of previously imprinted patterns while imprinting other areas, the substrate is held at a temperature below the T g of the resist, but above the T g of the mold. PMMA lines ( Figure 9 ) and zone plates (Figure 10 ), which act as lenses, have been successfully patterned by RON.
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Applications NIL has been used to fabricate a variety of electronic, photonic, magnetic, and biological nanodevices, including silicon nanotransistors, 5 Lithographically Induced Self-Assembly (LISA)
Principle and Process
Lithographically induced self-assembly (LISA) is a guided self-assembly process in which a large pattern on a template can induce and guide the self-formation of periodic pillars of much smaller diameters in an originally featureless thin film. 19, 20 More specifically, in LISA, a template (called a mask) is placed a distance above a featureless thin polymer film deposited on a substrate (Figure 11 ). When the thin film is in a viscous liquid state, the template can induce and guide the self-formation of periodic pillars in the initially featureless thin film. The pillars, raised against surface tension and gravitational force, bridge the substrate and the mask. After pillar formation, due to a constant polymer volume, there is little polymer left in the area between pillars.
Moreover, if the surface of the mask has a protruding pattern (e.g., a triangle or rectangle), the pillar array can be formed only under the protruding pattern, with the edge of the array aligned with the boundary of the mask pattern. The array's lattice structure is determined by the shape and size of the mask pattern. The location of each pillar can be precisely controlled by the patterns on the mask. In principle, the LISA process can be used repeatedly to further demagnify the selfassembled pattern size. Typically, the LISA pillars have a diameter and spacing of about a micrometer. Theory and experiments have indicated that with proper scaling, the diameter and spacing can be reduced to the 100-nm range. LISA has been demonstrated in both thermal-plastic and liquid polymers. Our theory, which has been confirmed by others, indicates that LISA should occur in semiconductors and other materials with much smaller-sized features.
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Experimental Results
A variety of LISA patterns have been observed, depending upon the template shape and size as well as the polymers and the processing conditions used. For a flat mask, a multidomain hexagonal lattice of pillars can be observed. For a mask with a triangle-shaped protrusion, the pillars form under the mask-shaped protrusion and in a single-domain triangular array (Figures 12a-12c) . For a mask with a square-shaped protrusion, the pillars form only under the mask protrusion and in a square array (Figure 12d ). If one of the dimensions of the mask pattern is less than the period of a LISA pattern, then a line of pillars will form (Figure 13 ). When the processing temperature or polymer conditions change, concentric rings can be formed, under certain conditions (Figure 14) . 22 Numerous experiments have been carried out to study the effects of external electric fields, the mask materials, the polymers, the mask-to-polymer distance, mask pattern geometry, temperature, and processing time on LISA formation. Dynamic behavior of LISA has been recorded on video, which shows that the pillars form one by one, starting at the corner of the mask, then along the edge, and propagating to the center. 23 The time between the formation of two sequential pillars has a shell structure. 23 This will be discussed elsewhere.
From these experiments, we can conclude that LISA formation is due to the interplay of attractive interaction between the mask and the film and hydrodynamic instability in a viscous liquid. In the systems that we have studied, the attractive interaction comes from a Coulomb interaction. But the attractive interaction induced by other forces (e.g., a magnetic field) should be equally effective in LISA. Our external electric-field study showed that a strong electric field can destroy the periodicity (i.e., ordering) of the LISA pillar array, indicating that the interplay be- Nanoimprint Lithography and Lithographically Induced Self-Assembly tween attractive force and instability is essential. 24 Our experiment also showed that it is the total effective electric field, which is equal to the built-in field plus the external electric field, that determines the total force.
Theory
Theory and simulations based on hydrodynamic equations and Coulomb interaction between the mask and the thin film have been developed that provide further understanding of the LISA process. The simulations have achieved good agreement with experiments for both the static and dynamic behaviors of LISA. 25 Based on theory and experiment, we present a diagram to explain the most important feature of LISA: why the pillars are ordered and have a single periodicity. 25 As shown in Figure 15a , without a plate (or mask) on top of a thin viscous liquid film, the top surface of the film will be flat due to surface tension (assuming that the liquid film wets the substrate surface). However, when a plate is placed a distance away from the liquid film, an attractive interaction between them will reduce the total force on the surface of the liquid film (Figure 15b) .
When the total force is below a critical value, the liquid becomes unstable and can have many oscillation modes. But each oscillation mode grows at a different rate. The rate is exponentially proportional to the growth factor (⌫), which is a function of the wavelength (Figure 15d ). There is a wavelength k that gives the maximum growth factor. Under suitable conditions, only one mode grows at the expense of the other modes, allowing only one mode in the unstable liquid and creating a pillar array with a single periodicity.
When there is a protruding pattern on the plate, the attractive force under the protrusion is stronger than that outside the protrusion (Figure 15c) . Therefore, the pressure (i.e., the total force) on the liquid under the protrusion is less than the pressure outside it. This pressure difference will cause a lateral liquid flow from outside to inside, thus explaining the experimental observation that pillars always form at the corners first, then along the edges, and lastly in the center.
Applications
The LISA process should, in principle, be applicable to other polymers and perhaps even to other single-phase materials such as semiconductors, metals, and biological materials. The periodic arrays formed by LISA have many applications, including memory devices, photonic materials, and new biological materials. With proper design, a single-crystal lattice of pillar arrays with predetermined diameter, period, location, and orientation could be achieved over an entire wafer.
With a suitable set of polymers of desired properties (e.g., viscosity, surface tension, etc.) and repeated use of LISA, the diameter of the LISA pillars can be demagnified.
Summary and Future
Since its proposal six years ago, nanoimprint lithography has advanced significantly and is beginning to be used widely in nanodevice fabrication. Lithographically induced self-assembly has attracted attention due to its scientific significance and practical applications. Yet, this is just a beginning. Many key issues in NIL machines, masks, resists, and processes still need to be solved. LISA processes need to be better understood, and new applications need to be explored. However, it is clear that NIL can be used for manufacturing nanostructures. The first step for NIL is not to compete with and replace conventional lithographies, but to find new markets where conventional lithographies fail to serve. As high-throughput and low-cost nanopatterning technologies, NIL and LISA will play an important role in the future development and manufacturing of nanostructures.
